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ABSTRACT 

A mode of  ope ra t ion  is descr ibed f o r  r e p e t i t i v e  
l o g i s t i c s  ope ra t ions  between an e a r t h  o r b i t  space s t a t i o n  
o r  p r o p e l l a n t  depot  and a po la r  l una r  o r b i t  space s t a t i o n .  

The mode selected i s  c h a r a c t e r i z e d  by a two month 
p e r i o d i c  recur rence  of a set of e a r t h  depa r tu re  and l u n a r  
depa r tu re  windows. 
windows v a r i e s  from 3 hours t o  24 hours  w h i l e  t h e  fou r  
l u n a r  depa r tu re  windows a r e  from 6 hours t o  35.5 hours  i n  
du ra t ion .  

The du ra t ion  of t h e  f i v e  e a r t h  depa r tu re  

The v e h i c l e  t h a t  opera tes  i n  t he  der ived  l c lg i s t i c s  
mode is a nuclear  s h u t t l e  with an average s p e c i f i c  impulse of 
795 sec. and a m a s s  f r a c t i o n  of .75. Based on t h e  c a l c u l a t e d  
t r a n s l u n a r  and t r a n s e a r t h  v e l o c i t y  changes and t h e  correspond- 
i n g  payloads of 119 K lbs. and 0 ,  r e s p e c t i v e l y ,  t h e  s h u t t l e  
g ross  weight  a t  the beginning of  t h e  mission is  352 K l b s .  

(NASA-CR-119273)  A POSSIIBLE L U N A R  LOGISTICS 
PlODE (Bellcornre, Inc,) 23 p 

w79-71702 

Unclas  

. . .  . 



date: June 23 ,  1 9 7 1  

to: D i s t r i b u t i o n  

955 L’Enfant Plaza North, S.W. 
Washington. D. C. 20024 

B71 06039 
from: E. M. Grenning 

subject: A Poss ib l e  Lunar L o g i s t i c s  Mode 
Case 105-4 

MEMORANDUM FOR FILE 

1 . 0  INTRODUCTION 

The purpose of t h i s  memorandum is  t o  i l l u s t r a t e  t h e  
c h a r a c t e r i s t i c s  of  a l una r  l o g i s t i c s  mission mode inc lud ing  
t h e  frequency of mission oppor tuni t ies , launch  window dura t ions ,  
and c i s l u n a r  s h u t t l e  s i z e .  Pursuant t o  t h e s e  o b j e c t i v e s  it 
i s  convenient  t o  d i v i d e  t h e  ana lys i s  i n t o  four  s e c t i o n s :  
m i s s i o n  p r o f i l e ;  mission geometrical  cons ide ra t ions ;  mission 
v e l o c i t y  requirements;  and vehicle s i z i n g .  

2 .0  M I S S I O N  PROFILE 

A l una r  l o g i s t i c s  mission is  assumed t o  begin wi th  t h e  
depa r tu re  of  t h e  c i s l u n a r  s h u t t l e  d u r i n s  an ea r th  depa r tu re  window 
from a n  e a r t h  o r b i t a l  space s t a t i o n  o r  p r o p e l l a n t  depot  t o  which it 
r e t u r n s  a t  t h e  end of t h e  mission. A f t e r  t r a n s l u n a r  f l i g h t  
t h e  s h u t t l e  performs a three impulse maneuver t o  rendezvous w i t h  
a l u n a r  p o l a r  o r b i t a l  space s t a t i o n  employing an in t e rmed ia t e  
e l l i p t i c  o r b i t  f o r  p lane  change as needed. 
which i s  a t  l e a s t  s u f f i c i e n t  t o  a l low t r a n s f e r  of  personnel  and cargo 
between t h e  s t a t i o n  and s h u t t l e , t h e  t r i p  back t o  e a r t h  begins  
a t  t h e  f i rs t  a v a i l a b l e  luna r  depar ture  window. The t r a n s e a r t h  
f l i g h t  i s  i n i t i a t e d  wi th  a t h ree  impulse maneuver using an 
i n t e r m e d i a t e , e l l i p t i c  o r b i t  for  p lane  change a s  needed. 
earth a r r i v a l  t h e  s h u t t l e  maneuvers i n t o  a c i r c u l a r  e a r t h  o r b i t  
which i s  coplanar  w i th ,  b u t  of h ighe r  a l t i t u d e  t h a n , t h e  e a r t h  
o r b i t a l  f a c i l i t y  t o  o b t a i n  the  c o r r e c t  phasing f o r  t e r m i n a l  
rendezvous. A p lane  change maneuver i s  n o t  needed s i n c e  t h e  
s h u t t l e  a r r i v e s  a t  e a r t h  a t  t h e  t i m e  o f  occurrence of an e a r t h  
a r r i v a l  oppor tuni ty .  When the  correct phasing i s  achieved the 
s h u t t l e  performs a Hohman t r a n s f e r  t o  t h e  f a c i l i t y  i n  t h e  lower 
a l t i t u d e  o r b i t  and then terminal  rendezvous. 

A f t e r  a per iod  of t i m e  

A t  
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3.0 MISSION GEOMETRICAL CONSIDERATIONS 

Figure  1 i l l u s t r a t e s  t h e  arrangement of t h e  e a r t h  
d e p a r t u r e  and l u n a r  o r b i t a l  p lanes  w i t h  r e s p e c t  t o  t h e  e a r t h ' s  
e q u a t o r  and poles .  A zero p lane  change e a r t h  d e p a r t u r e  o r  
a r r i v a l  oppor tun i ty  occurs  whenever t h e  t a r g e t  l i n e  between 
t h e  e a r t h  and moon l i es  i n  t h e  e a r t h  o r b i t  p l ane  (Reference 
1). T h i s  t a r g e t  l i n e  must l ead  t h e  moon o r  e a r t h  by t h e  f l i g h t  
t i m e  of t h e  t r a n s l u n a r  o r  t r a n s e a r t h  t r a j e c t o r y  r e s p e c t i v e l y .  
As t h e  moon orb i t s  about t h e  e a r t h  w i t h  an angu la r  v e l o c i t y  
of uM = 13.2O/day t h e  t a r g e t  l i n e  rotates i n  t h e  l u n a r  o r b i t a l  
p l ane  a t  t h e  s a m e  ra te ,  and l i e s  i n  t h e  e a r t h ' s  o r b i t  p l ane  
when it passes  through t h e  i n t e r s e c t i o n  o f  t h e  t w o  p l anes .  
But t h e  i n t e r s e c t i o n  of t h e  two p lanes  ro ta tes  w i t h  r e s p e c t  
t o  an i n e r t i a l  f rame o f  reference due t o  t h e  nodal  r e g r e s s i o n  
o f  t h e  e a r t h  o r b i t .  The r e l a t i o n s h i p  between nodal  r e g r e s s i o n  
ra te  (w,) and o r b i t a l  i n c l i n a t i o n  and a l t i t u d e  i s  given i n  
F igu re  2 ,  from Reference 2 .  

Figure  3 i l l u s t r a t e s  t h e  motions of t h e  earth-moon 
l i n e  and t h e  l i n e  o f  i n t e r s e c t i o n  of t h e  p l anes  i n  t h e  l u n a r  
o r b i t a l  p lane .  
n i t i e s  and corresponding l u n a r  space s t a t i o n  a p p r o a c h . o p p o r t u n i t i e s  
t o  e x i s t  it i s  necessary  t h a t  t h e  o p p o r t u n i t i e s  occur  a t  a 
r e p e t i t i v e  set of i n e r t i a l  l o c a t i o n s  i n  t h e  l u n a r  o r b i t a l  
p lane .  This w i l l  happen i f  t h e  ascending node o f  t h e  e a r t h  
d e p a r t u r e  o r b i t  r e g r e s s e s  o n e  f u l l  r o t a t i o n  i n  a d u r a t i o n  
equal  t o  some m u l t i p l e  of l u n a r  months (one l u n a r  month i s  
27.3 d a y s ) ,  i .e . ,  

For a p e r i o d i c  set  of e a r t h  d e p a r t u r e  opportu- 

27.3 n u N  = 360° (1) 

For example, f o r  r e p e t i t i v e  o p p o r t u n i t i e s  w i t h  t h e  
same s t a t i o n  approach geometry on t w o  month cen te r s , equa t ion  
(1) g ives  an e a r t h  o r b i t  r e g r e s s i o n  ra te  (u,) of  6.6O/day. 
From F igure  2 ,  t h i s  r e g r e s s i o n  ra te  can be provided by a 270 nm 
a l t i t u d e ,  30° i n c l i n a t i o n  space  s t a t i o n  o rb i t ;  an i n c l i n a t i o n  
l y i n g  w i t h i n  t h e  e x i s t i n g  range of pe rmis s ib l e  launch azimuths 
a t  KSC (9Oo+18O). For a f i x e d  a l t i t u d e ,  azimuths i n  t h i s  range 
t end  t o  maxrmize launch v e h i c l e  payload because an e a s t e r l y  
launch t a k e s  maximum advantage of t h e  e a r t h ' s  r o t a t i o n a l  
p e r i p h e r a l  v e l o c i t y .  Thus l a r g e r  payloads can be  t r a n s p o r t e d  
from e a r t h  t o  t h e  e a r t h  o rb i t a l  f a c i l i t y  t han  i f  t h e  f a c i l i t y  
were located i n  an o r b i t  of h ighe r  i n c l i n a t i o n .  
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P e r i o d i c  o p p o r t u n i t i e s  s e p a r a t e d  by a l a r g e r  number 
of months, s ay  n = 3 o r  4 ,  would r e s u l t  i n  a decreased nodal  
r e g r e s s i o n  ra te  requirement.  The e a r t h ' s  d e p a r t u r e  o r b i t  
i n c l i n a t i o n  and p o s s i b l y  a l t i t u d e  would need t o  be  i n c r e a s e d  
t o  provide  t h e  lower r e g r e s s i o n  rate needed. 

From Figure  3 ,  each oppor tun i ty  w i t h i n  t h e  t w o -  
month pe r iod  must s a t i s f y  t h e  r e l a t i o n s h i p :  

e = +(t)  + m r  , m = 0 , l .  

where: 
8 = angu la r  l o c a t i o n  of earth-moon l i n e  wi th  

r e s p e c t  t o  t h e  l i n e  of nodes of t h e  l u n a r  
o r b i t a l  p l ane  wi th  t h e  e a r t h ' s  e q u a t o r i a l  
p l ane  (deg) .  

+ = angular  l o c a t i o n  of  i n t e r s e c t i o n  of p l anes  wi th  
r e s p e c t  t o  t h e  l i n e  of nodes of t h e  l u n a r  o r b i t a l  
p l ane  wi th  t h e  e a r t h ' s  e q u a t o r i a l  p l ane  (deg . ) .  

Applying t h e  l a w  of  c o s i n e s  t o  t h e  s p h e r i c a l  t r i a n g l e  ABC i n  
F igu re  1 r e s u l t s  i n ,  

cosiL cosi  + s i n i  s i n i o  coswNt 
0 L 1 a = cos-I [ 

and by t h e  l a w  of s i n e s  

1 -1 [ s i n i  0 s inwNt  
+ ( t )  = s i n  s i n a  

( 3 )  

( 4 )  

where: 

a = Angle between l u n a r  o r b i t a l  and e a r t h  d e p a r t u r e  
p lanes  ( d e s ) .  

i = 2 2 O ,  average i n c l i n a t i o n ,  of t h e  l u n a r  o r b i t a l  p l ane  
L from 1975 t o  1985, Reference 3. 

= 30°, i n c l i n a t i o n  of e a r t h  d e p a r t u r e  o r b i t  p lane .  

wN = -6.6O/dayt e a r t h  d e p a r t u r e  o r b i t  nodal r e g r e s s i o n  
ra te  f o r  n = 2 .  

t = t i m e  (days ) .  



Figure  4 p r e s e n t s  4 ( t )  as determined by equa t ions  ( 3 )  and ( 4 )  
f o r  r e p e t i t i v e  o p p o r t u n i t i e s  with a two-month per iod;  i .e . ,  
n = 2.  A l s o  shown on t h e  f i g u r e  i s  8 = 13.2 t + 6 0 ° .  The s i x  
p o i n t s  of i n t e r s e c t i o n  of 8 and 4 i n d i c a t e d  i n  F igure  4 uniquely 
d e f i n e  t h e  t i m e s  of a l l  the o p p o r t u n i t i e s  over t h e  two-month 
per iod .  The change i n  t i m e s  of o p p o r t u n i t i e s  ove r  t h e  ten-year 
p e r i o d  from 1 9 7 5  t o  1985 due t o  t h e  v a r i a t i o n  i n  i n c l i n a t i o n  
o f  t h e  l u n a r  o r b i t a l  p l ane  i s  n e g l i g i b l y  s m a l l  and therefore 
ignored . 

The s e l e c t i o n  of an i n e r t i a l  angu la r  l o c a t i o n  of  
6 0 °  (F igu re  3) f o r  t h e  i n i t i a l  oppor tun i ty  i s  a r b i t r a r y  and 
in tended  only t o  serve as an example f o r  t h e  purposes o f  t h i s  
s tudy.  
a t r a n s l a t i o n  o f  t h e  l i n e a r  r e l a t i o n s h i p  for  e and a corresponding 
s h i f t  i n  t h e  t i m e s  of t h e  s i x  o p p o r t u n i t i e s .  The number 6f 
o p p o r t u n i t i e s  i n  t h e  two-month pe r iod  can be n e i t h e r  i n c r e a s e d  
nor decreased  by changing the angular  l o c a t i o n  of t h e  i n i t i a l  
oppor tun i ty .  

Any o t h e r  ang le  could have been chosen, simply r e s u l t i n g  i n  

The earth d e p a r t u r e  and a r r i v a l  o p p o r t u n i t i e s  
d e s c r i b e d  above e x i s t  f o r  only an i n s t a n t  o f  t i m e ,  i .e . ,  when 
t h e  t a r g e t  earth-moon l i n e  passes  through t h e  i n t e r s e c t i o n  of 
the e a r t h  o r b i t  and l u n a r  o r b i t  p lanes .  F i g u r e  5 i l l u s t r a t e s  
how t r a n s l u n a r  and t r a n s e a r t h  launch windows o f  f i n i t e  d u r a t i o n  
are obta ined .  The i n e r t i a l l y  f i x e d  angu la r  l o c a t i o n s  G f  t w o  
o p p o r t u n i t i e s  are i n d i c a t e d  i n  t h e  ske tch .  I f  upper and lower 

are assumed then  t r a n s l u n a r  f l i g h t  t i m e  l i m i t s  tTL2 
t h e  t r a n s l u n a r  launch window dura t ion  i s  merely t h e  d i f f e r e n c e  
of t h e  t w o  l i m i t s ,  i . e . ,  

and t ~ ~ i  

Ear ly  i n  t h e  window a s l o w  t r a n s l u n a r  t r a j e c t o r y  would be used 
a l lowing  j u s t  enough t i m e  for t h e  moon t o  move i n t o  t h e  i n e r t i a l l y  
f i x e d  angu la r  l o c a t i o n  of  t h e  oppor tun i ty  f o r  l u n a r  a r r i v a l  o f  
t h e  s h u t t l e .  Conversely,  l a t e  i n  t h e  window a f a s t  t r a n s l u n a r  
t r a j e c t o r y  i s  used p rov id ing  correspondingly less t i m e  f o r  t h e  
moon t o  assume t h e  correct angular  l o c a t i o n  for the s h u t t l e ' s  
a r r iva l .  However, as i l l u s t r a t e d  i n  F igu re  6, t h e  use  of 
d i f f e r e n t  f l i g h t  t i m e  t r a n s l u n a r  trajectories (tTL2' tTL1) t o  

ach ieve  an  e a r t h  d e p a r t u r e  window r e s u l t s  i n  d i f f e r e n t  l u n a r  
approach ang le s  ( y 2 ,  y l )  re la t ive t o  t h e  earth-moon l i n e ,  
as d e f i n e d  by t h e  v e l o c i t y  vec to r  (Vp) a t  t h e  l u n a r  sphe re  o f  
i n f luence ,  Reference 4 .  The slower t h e  t r a j e c t o r y ,  t h e  larger t h e  
l u n a r  approach angle .  S inee  the  s h u t t l e  must rendezvous w i t h  t h e  
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l una r  space s t a t i o n  loca ted  i n  an i n e r t i a l l y  f ixed  p o l a r  
o r b i t ,  a s h u t t l e  plane change w i l l  b e  necessary except  i n  
t h e  case when t h e  approach ang le  co inc ides  e x a c t l y  w i t h  t h e  
s t a t i o n  o r b i t  ascending node. It i s  p o s s i b l e  tha t  some d i v i -  
s i o n  of t h e  t o t a l  p lane  change requirement  between maneuvers 
a t  both  t h e  e a r t h  and moon could r e s u l t  i n  a s l i g h t l y  lower t o t a l  
m i s s i o n  v e l o c i t y  requirement  than a mission p r o f i l e  i n  which 
a l l  o f  t h e  p lane  change i s  executed a t  t h e  moon. Inves t iga -  
t i o n  of  t h i s  p o s s i b l e  opt imiza t ion  i s  beyond t h e  scope of t h i s  
s tudy.  The s t r a t e g y  f o r  rendezvous wi th  t h e  s t a t i o n  f o r  a 
minimum t o t a l  v e l o c i t y  change expendi ture  involv ing  a p l ane  
change maneuver only a t  t h e  moon i s  descr ibed  i n  Sec t ion  4.2. 

Simi la r ly ,  t h e  luna r  depa r tu re  window i s  obtained 
through t h e  use of  d i f f e r e n t  t o t a l  t r a n s e a r t h  f l i g h t  t i m e s ,  
i .e . ,  

A s h u t t l e  p lane  change is a l s o  r equ i r ed  f o r  l u n a r  depa r tu re  
i n  o r d e r  t o  provide t h e  c o r r e c t  l una r  depa r tu re  angle  rela- 
t i v e  t o  t h e  earth-moon l i n e  f o r  t h e  v e l o c i t y  v e c t o r  when it 
emerges from t h e  l u n a r  sphere  of i n f luence .  The t r a n s e a r t h  
maneuver is  descr ibed  i n  Sec t ion  4.3. 

4.0 M I S S I O N  VELOCITY REQUIREMENTS 

The purpose of t h i s  s e c t i o n  i s  t o  determine t h e  
c h a r a c t e r i s t i c  t o t a l  v e l o c i t y  requirement  of a round t r i p  
l u n a r  l o g i s t i c  mission f o r  t h e  s h u t t l e .  The T L I  v e l o c i t y  
change i s  determined us ing  an i t e r a t i v e  technique t o  inc lude  
g r a v i t y  l o s s e s .  
are determined as a func t ion  of f l i g h t  t i m e ;  s h u t t l e  LO1 and T E I  
v e l o c i t y  c a p a b i l i t i e s  are a r b i t r a r i l y  s e l e c t e d  thereby determining 
t h e  d u r a t i o n  of the t r a n s l u n a r  and t r a n s e a r t h  launch windows for  each 
oppor tun i ty .  The EO1 v e l o c i t y  change is assumed t o  be t h e  same a s  
t h a t  f o r  a T L I  maneuver a t  t h e  s a m e  a l t i t u d e  except  t h a t  g r a v i t y  
l o s s e s  are neglec ted  because of t h e  r e l a t i v e l y  s h o r t  du ra t ion  
(h igh  thrus t /weight )  of  the maneuver. 

4.1 Translunar  I n j e c t i o n  (TLI )  

The  L O 1  and TEI v e l o c i t y  change requirements  

The v e l o c i t y  change n o t  i nc lud ing  g r a v i t y  l o s s e s  
for  t h e  s h u t t l e  t r a n s l u n a r  i n j e c t i o n  maneuver is about  10,192 
fps .  This value changes s l i g h t l y  as  a func t ion  of t r a n s l u n a r  
f l i g h t  t i m e  b u t  t h e  v a r i a t i o n  is s m a l l  enough t o  be considered 
n e g l i g i b l e .  Gravi ty  loss is presented i n  F igure  7 as a func t ion  
of s h u t t l e  gross  weight  ( n o t  inc luding  t r a n s l u n a r  payload) and i s  
conse rva t ive  s i n c e  it rep resen t s  s h u t t l e  d e p a r t u r e  from a 1 0 0  nm 
r a t h e r  than a 270 nm o r b i t .  The d a t a  i s  based on a s h u t t l e  wi th  

SP 
(Reference 5 ) .  

. a s i n g l e  75 K lb t h r u s t  NERVA engine with an I of 800 sec. 
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4.2 Lunar O r b i t  I n s e r t i o n  (LOX) 

I n  gene ra l ,  t h e  s h u t t l e  e n t e r s  t h e  l u n a r  sphe re  
of i n f l u e n c e  w i t h  an approach ang le  which makes a p l a n e  
change maneuver necessary  f o r  rendezvous w i t h  t h e  l u n a r  
o r b i t a l  s t a t i o n .  This  is accomplished f o r  minimum velo- 
c i t y  change by us ing  a t h r e e  impulse LO1 maneuver which 
is  i l l u s t r a t e d  i n  F igure  8 .  The f i r s t  of t h e  t h r e e  
maneuvers i s  a non-periapse v e l o c i t y  change which t r a n s f e r s  
t h e  s h u t t l e  from i ts  l u n a r  approach hyperbola  t o  an e l l i p t i c  
o r b i t  whose l i n e  of  aps ides  is  c o l i n e a r  w i t h  t h e  l u n a r  p o l a r  
a x i s ,  and whose p e r i s e l e n e  a l t i t u d e  is s l i g h t l y  h ighe r  t han  
t h e  s t a t i o n  o r b i t a l  a l t i t u d e .  The necessary  p l a n e  change 
i s  executed a t  t h e  f i r s t  aposelene and a t  p e r i s e l e n e  t h e  
s h u t t l e  t r a n s f e r s  t o  a s l i g h t l y  h igher  a l t i t u d e  c i r c u l a r  
o r b i t  which i s  coplanar  wi th  t h e  s t a t i o n i o r b i t .  When t h e  
correct phasing wi th  t h e  s t a t i o n  i s  a t t a i n e d  t h e  s h u t t l e  per- 
forms a Hohman t r a n s f e r  immediately followed by t e r m i n a l  
rendezvous. The t o t a l  v e l o c i t y  requirements  fo r  t h e  three 
impulse LO1 maneuver as a func t ion  of l o n g i t u d e  o f  t h e  s t a t i o n  
o r b i t  ascending node and t r a n s l u n a r  f l i g h t  t i m e  have been 
determined i n  Reference 6. The Hohman t r a n s f e r  and t e rmina l  
rendezvous maneuvers are n e g l i g i b l e  i n  comparison t o  t h e  
t h r e e  impulse L O 1  v e l o c i t y  change. 

c i t y  requirements  as a func t ion  o f  t r a n s l u n a r  f l i g h t  t i m e  f o r  
t h e  s i x  e a r t h  d e p a r t u r e  and a r r i v a l  o p p o r t u n i t i e s .  These data  
are based on an i n e r t i a l l y  f i x e d  s t a t i o n  p o l a r  o r b i t  whose 
ascending node i s  located 6 0 °  w e s t  of  t h e  earth-moon l i n e  a t  
t h e  f i rs t  oppor tun i ty  of  t h e  t w o  month per iod .*  S e l e c t i o n  of 
a r easonab le  upper t i m e  l i m i t  f o r  t r a n s l u n a r  f l i g h t  t i m e  o f  84 
hours  (3.5 days)  e s t a b l i s h e s  one  boundary o f  t h e  e a r t h  depar- 
t u r e  windows. As i n d i c a t e d  i n  F igu res  9A and 9B an LO1 velo- 
c i t y  c a p a b i l i t y  of  3600 FPS provides  f i v e  e a r t h  d e p a r t u r e  launch 
windows dur ing  t h e  two month per iod  vary ing  i n  d u r a t i o n  from 
3 hours  t o  24 hours .  The du ra t ion  of  t h e  launch  window f o r  
each e a r t h  d e p a r t u r e  oppor tuni ty  i s  given i n  Table  1. 

Figures  9A and 9B p r e s e n t  t h e  three impulse velo- 

4.3 Transear th  I n j e c t i o n  (TEI) 

The T E I  maneuver i s  a l s o  a t h r e e  impulse procedure 
aimed a t  provid ing  t h e  correct l u n a r  d e p a r t u r e  ang le  f o r  t h e  
s h u t t l e  v e l o c i t y  v e c t o r  a t  l u n a r  escape. It i s  t h e  s a m e  as 
t h e  LO1 maneuver w i t h  t h e  phasing Hohman t r a n s f e r  e l imina ted  
and t h e  order o f  occur rence  of t h e  t h r e e  impulses r eve r sed .  

F igures  1OA and 10B p r e s e n t  t h e  T E I  v e l o c i t y  change 
requi rements  as a f u n c t i o n  of t o t a l  s h u t t l e  f l i g h t  t i m e  f o r  t h e  

*It is  assumed t h a t  t h e  luna r  g r a v i t a t i o n a l  f i e l d  does n o t  
cause  p recess ion  of t h e  p o l a r  o r b i t .  
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s i x  o p p o r t u n i t i e s .  T o t a l  f l i g h t  t i m e  i s  measured f r o m  the 
i n s t a n t  t h e  s h u t t l e  d e p a r t s  from the l u n a r  o r b i t  s t a t i o n  and 
c o n s i s t s  of t i m e  s p e n t  i n  the p lane  change e l l i p s e  as w e l l  
as the t r a n s e a r t h  f l i g h t  t i m e .  The l u n a r  d e p a r t u r e  window 
d u r a t i o n  must be determined from t o t a l  f l i g h t  t i m e  because 
t h e  p e r i o d  of t h e  p lane  change e l l i p s e  varies depending on 
t h e  t r a n s e a r t h  f l i g h t  t i m e .  Thus t h e  variable t i m e  s p e n t  i n  
t h e  p l ane  change e l l i p s e  as w e l l  as t h e  v a r i a b l e  t r a n s e a r t h  
f l i g h t  t i m e  determine t h e  window d u r a t i o n .  This  i s  n o t  t h e  
case i n  de te rmining  e a r t h  d e p a r t u r e  windows because t h e r e  is 
no p l ane  change e l l i p s e  p r i o r  to  t h e  T L I  maneuver. 

The upper bound on t h e  l u n a r  d e p a r t u r e  window i s  
a l s o  determined by an 84 hour (3.5 days)  f l i g h t  t i m e  con- 
s t r a i n t  on t h e  t r a n s e a r t h  t r a j e c t o r y  corresponding t o  120 
hours  o f  t o t a l  f l i g h t  t i m e  because of t h e  36 hour p l a n e  
change e l l i p s e .  A s  i n d i c a t e d  i n  F igures  1 0 A  and 10B, t h e  
chosen T E I  v e l o c i t y  c a p a b i l i t y  of 3300 f p s  provides  f o u r  l u n a r  
d e p a r t u r e  windows dur ing  t h e  t w o  month pe r iod  w i t h  d u r a t i o n s  
vary ing  from 6 hours  t o  35.5 hours.  The d u r a t i o n  of t h e  
l u n a r  d e p a r t u r e  window corresponding t o  each oppor tun i ty  i s  
g iven  i n  Table 1. 

4.4 Ear th  O r b i t  I n j e c t i o n  ( E O I )  

A t  e a r t h  a r r i v a l  t h e  s h u t t l e  maneuvers i n t o  a 300 nm 
c i r c u l a r  phasing o r b i t .  
ment is assumed t o  be t h e  same as t h a t  for a t r a n s l u n a r  i n j e c t i o n  
from a 300 nm o r b i t ,  i .e . ,  10 ,150  f p s .  Gravi ty  losses are 
neg lec t ed  because of the  r e l a t i v e l y  h igh  s h u t t l e  t h r u s t  t o  weight  
r a t i o  and t h e r e f o r e  s h o r t  d u r a t i o n  of t h e  EO1 maneuver. When 
phas ing  w i t h  t h e  earth o r b i t a l  f a c i l i t y  i n  t h e  270 nm o r b i t  is 
correct, t h e  s h u t t l e  performs a Hohman t r a n s f e r  t o  t h e  l o w e r  
o r b i t ,  and immediately rendezvous' w i th  t h e  f a c i l i t y .  The velo- 
c i t y  requirement  f o r  the t r a n s f e r  i s  253 f p s  r e s u l t i n g  i n  a t o t a l  
E O 1  v e l o c i t y  requirement of 10,403 f p s .  

The r e t r o g r a d e  v e l o c i t y  change r e q u i r e -  

4.5 Tota l  Veloc i ty  Requirement 

The t r a n s l u n a r  v e l o c i t y  requirement  of 14,452 f p s  i s  
o b t a i n e d  by adding t h e  i n d i v i d u a l  TLI  and L O 1  v e l o c i t y  changes.* 
Addi t ion  of t h e  T E I  and E O 1  velocit ies r e s u l t s  i n  a t r a n s e a r t h  
v e l o c i t y  requirement  of 13,703 f p s .  These v e l o c i t y  expend i tu re s  
p rov ide  5 e a r t h  depa r tu re  windows va ry ing  i n  d u r a t i o n  f r o m  3 hours  
t o  24 hours  and 4 l u n a r  d e p a r t u r e  windows from 6 hours  t o  35.5 
hours  i n  d u r a t i o n .  Each window i s  a v a i l a b l e  every t w o  months. 

5.0 VEHICLE S I Z I N G  

The c i s l u n a r  s h u t t l e  i s  assumed t o  be a n u c l e a r  pro- 
p e l l e d  vehicle w i t h  an average I s p  of 795 seconds (which i n c l u d e s  

.. *The T L I  g r a v i t y  loss of 660 fps  w a s  determined by i t e q q t i o n  
u s i n g  t h e  d a t a  presented  i n  Figure 7. . .  
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reactor cooldown a f t e r  each maneuver) and a mass f r a c t i o n  of  .75 
(Reference 5 ) .  According t o  Reference 7,  t h e  b a s e l i n e  t r a n s l u n a r  
payload is 119 K l b s  with zero payload r e tu rned  t o  e a r t h .  

Using t h e  mission v e l o c i t y  changes der ived  i n  Sec t ion  4 
and t h e  rocke t  equat ion i n  an i t e r a t i v e  mode t o  determine t h e  TLI  
g r a v i t y  loss  (660 f p s )  t h e  gross weight  of t h e  s h u t t l e  i s  d e t e r -  
mined t o  be 352 K l b s .  The t o t a l  v e h i c l e  weight  a t  t h e  beginning 
of t h e  mission i s  471 K l b  of which 119 K lbs i s  t r a n s l u n a r  pay- 
load; 264 K l b  is l i q u i d  hydrogen p r o p e l l a n t  and 88 K lb i s  
s h u t t l e  dry weight.  

7.0 CONCLUSIONS 

To i l l u s t r a t e  t h e  lunar  l o g i s t i c s  po r t ion  of  an 
i n t e g r a t e d  manned space f l i g h t  program, a r e p r e s e n t a t i v e  
luna r  l o g i s t i c s  mission mode providing r e p e t i t i v e  e a r t h  
depa r tu re  and l u n a r  depa r tu re  windows wi th  a two month 
per iod  has  been der ived.  It was found t h a t  t h i s  p a r t i c u l a r  
mode is  compatible wi th  t h e  e a r t h  o r b i t a l  s t a t i o n  being 
l o c a t e d  i n  a 270 nm a l t i t u d e  o r b i t  wi th  an i n c l i n a t i o n  of  
30°. 

The t r a n s l u n a r  s h u t t l e  i s  s i z e d  t o  g ive  s u f f i c i e n t  
v e l o c i t y  change c a p a b i l i t y  t o  provide 5 e a r t h  depa r tu re  
windows varying i n  d u r a t i o n  from 3 hours t o  24 hours and 4 
l u n a r  depa r tu re  windows of 6 hours t o  35.5 hours  i n  du ra t ion .  
Each of  t h e  windows occurs  every t w o  months. 

The v e h i c l e  i s  nuclear  propel led  w i t h  an average 
I s p  of 795 seconds (cons ider ing  r e a c t o r  cooldown a f t e r  each 
maneuver) and a mass f r a c t i o n  of .75 is  assumed. Based on 
t h e  r equ i r ed  mission v e l o c i t y  changes and b a s e l i n e  t r a n s l u n a r  
and t r a n s e a r t h  payloads of 119  K l b s  and 0, r e s p e c t i v e l y ,  
t h e  t r a n s l u n a r  s h u t t l e  gross  weight i s  352,K lbs .  

10 13-EMG- a]  j E. M. Grenning 

Attachments 



REFERENCES 

1. V. C. Clarke ,  Jr., "Design of Lunar and I n t e r p l a n e t a r y  
Ascent T r a j e c t o r i e s , "  T.R. N o .  32-30, Jet Propuls ion  
Lab, March 15,  1962 .  

2. M. H. Skeer ,  "Space Tug Opera t iona l  Requirements f o r  
S a t e l l i t e  Placement, R e v i s i t i n g  and Retrieval,  B e l l -  
corn Memo f o r  F i l e ,  J u l y  2 9 ,  1970. 

Motions and Geometry: 1966  Through 1985, B e l l c o m m  
TR-68-310-1, March 29 ,  1968. 

3 .  J. 0. C a p p e l l a r i ,  Jr. ,  "A Compendium o f  t h e  Moon's 

4 .  J. A. Herbaugh, e t  a l ,  "Lunar Orbit Rendezvous Trajec- 
t o r y  Data Package (U) - Apollo Mission Parameter 
Ana lys i s , "  T.R.W., 8408-6050-RC-000, May 29,  1964. 

5. P r i v a t e  conve r sa t ions  w i t h  D. J.  O s i a s  and A. L. 
Schre ibe r ,  B e l l c o m m ,  Inc .  

6. LMSC, "Lunar O r b i t a l  Survey Missions - F i n a l  Report ,  
V o l .  I Summary, Cont rac t  NAS9-5288, January 1 6  , 1 9 6 7 .  

7 .  LMSC, "Nuclear F l i g h t  System D e f i n i t i o n  Study, Phase 
11," Contrac t  NAS8-24715, May I, 1970. 



0 

-r 
N 

N 

0 
rl 

rl 

0 

0 

m 
m 
0 
rl 

. 

N 

0 
0 

0 
4 

m 

m 
m 
m 

. 

0 
N 

m 
m 
OD 

m 
N 
m 

. 

r n  
rl 

-r 
ul 
. 

m 

W 

m 

W 



n 
a 
a 

z 
w 
3 
I- 
K 

A a c 
m 
a 
0 

I / 

> a c 

a 
a z 
w 
K 
3 c a 

n 
2 w 

I 
!- 

w 
a a 



h = l 0 0 n m  

PHASE B SPACE STATION 
ORBIT 

500 

-\ 
1.000 

h = 2,000 nm 

-- 

0 20 

\ 

SUN-SYNCH RONOUS \\\ 
ORBITS - - - 

I 1 I 1 
40 60 80 100 120 

ORBIT INCLINATION (degrees) 

FIGURE 2 - ALTITUDE AND INCLINATION EFFECTS ON NODAL REGRESSION RATE OF CIRCULAR ORBITS 



W 

J 
z 
0 

5 

4 
I 
I- a 
a 

v) 
W z 
n 
4 
U 
0 
z 
I- o 
Lu 
v) 
K 
W 
I- 

0 

z 

I- z 



0 



L w ~ ~  = t~~~ - t r ~ i  

ANGULAR LOCATION 
OF MOON AT LUNAR A\ I ARRIVAL 

.- 

LUNAR ORBITAL 

FIGURE 5 - TRANSLUNAR AND TRANSEARTH LAUNCH WINDOW DURATIONS 



W 

c 

3 a 



1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

100 NM ORBIT 

I I I 1 1 1 

200 300 400 500 600 700 800 

NUCLEAR SHUTTLE GROSS WEIGHT (LBS) 

FIGURE 7 -GRAVITY LOSS AV VS NUCLEAR SHUTTLE GROSS WEIGHT 



I I / I 
I \ 
I 
I 
I 
I '  

LINE OF APSIDES OF INTERMEDIATE 

I 
I 
i 

I 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

0 

2 

ELLIPSE 

FIGURE 8 - THREE-IMPULSE GEOMETRY 



4800 

4600 

4400 

4200 

4000 
L 

Lu 
0 z 
I 

- 
a 

moa 

0 s 
5 
4 360a 

3400 

3200 

3000 

280C 

~~~~ 

- 

- 

- 

- 

- 

- 

- 

- 

- I - EARTH DEPARTURE 

WINDOWS (24 HRS, 20 HRS) 
I 

50 60 70 80 84 

TRANSLUNAR FLIGHT TIME (HRS) 

FIGURE 9A - THREE IMPULSE LO1 VELOCITY CHANGE VS TRANSLUNAR FLIGHT TIME - 
OPPORTUNITIES 1,2, %I 3 



460( 

440c 

420C 

4ooa 

2 
L 

w 
- 

380C 
a 

c 

I 
i )  

> 
0 5 3600 

5 
s - 

3400 

3200 

3000 

2800 
50 

6, NODE = 9' E \K EARTH DEPARTURE7 

u 

60 70 80 84 

TRANSLUNAR FLIGHT TIME (HRS) 

FIGURE 9B - THREE IMPULSE LO1 VELOCITY CHANGE VS TRANSLUNAR FLIGHT TIME - 
OPPORTUNITIES 4,5, & 6 



6000 

5700 

5400 

5100 

4800 

2 
LL 

w 
- 

4500 
a 

k 

I 
0 
). 

u 5 4200 

5 - 
W 
F 

3900 

3600 

3300 

3000 

2700 

WINDOW (15 HRS 

I I I I I 
60 70 80 90 100 110 120 

TOTAL FLIGHT TIME (HRS) 

FIGURE 10A - THREE IMPULSE TEI VELOCITY CHANGE VS TOTAL FLIGHT TIME - 
OPPORTUNITIES 1,2, & 3 



6000 

32.5 HRS 

LUNAR DEPARTURE WINDOW 
35.5 HRS 

- 

5700 

5400 

5100 

4800 

w 
4500 

a 
I 
0 

E 
0 3 4200 

9 - 
w 
I- 

3900 

3600 

3300 

3000 

LUNAR 
DEPARTU R E 7 \ WINDOW 

LUNAR DEPARTURE  WINDOW^ I I 

TOTAL FLIGHT TIME (HRS) 

FIGURE 10B - THREE IMPULSE TEI VELOCITY CHANGE VS TOTAL FLIGHT TIME - 
OPPORTUNITIES 4,5,& 6 


